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ABSTRACT    
The twin objectives of the investigation were (i) to synthesize Al/Al2O3 metal 
matrix composites (MMCs) with uniform distribution of the Al2O3 reinforcement in the 
Al matrix and (ii) to evaluate the effect of volume fraction and size of the reinforcement 
on the mechanical behavior of MMCs. This was achieved by successful synthesis of  
Al-Al2O3 MMCs with volume fractions of 5, 10, 20, 30, and 50%, and particle sizes of 50 
nm, 150 nm, and 5 µm of Al2O3 synthesized from blended component powders by a high-
energy milling technique.  
A uniform distribution of the Al2O3 reinforcement in the Al matrix was 
successfully obtained after milling the powders for a period of 20 h with a ball-to-powder 
weight ratio of 10:1 in a SPEX mill. The uniform distribution of Al2O3 in the Al matrix 
was confirmed by characterizing these nanocomposite powders by scanning electron 
microscopy and X-ray mapping. The energy dispersive spectroscopy and X-ray 
diffraction techniques were employed to determine the composition and phase analysis, 
respectively. 
The milled powders were then consolidated for subsequent mechanical 
characterization by (i) magnetic pulse compaction (MPC) (ii) hot-isostatic pressing 
(HIP), (iii) vaccum hot pressing (VHP), and (iv) a combination of vaccum hot pressing 
and hot-isostatic pressing (VHP+HIP). However, successful consolidation of the powders 
to near-full density was achieved only through VHP+HIP for the 5 and 10 vol. % Al2O3 
samples with 50 nm and 150 nm particle sizes. The fully dense samples were then 
subjected to mechanical characterization by compression testing and nanoindentation 
techniques. The strength and elastic modulus values obtained from compression testing 
showed an increase with increasing volume fraction and decreasing particle size of the 
reinforcement. The nanoindentation results were, however, contradictory, and the 
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CHAPTER 1: INTRODUCTION      
1.1 Motivation 
Aluminum-based metal matrix composites (MMCs) are ideal materials for 
structural applications in the aircraft and automotive industries due to their lightweight 
and high strength-to-weight ratio [1, 2]. Reinforcing the ductile aluminum matrix with 
stronger and stiffer second-phase reinforcements like oxides, carbides, borides, and 
nitrides provides a combination of properties of both the metallic matrix and ceramic 
reinforcement components resulting in improved physical and mechanical properties of 
the composite [3, 4]. Uniform dispersion of the fine reinforcements and the fine grain size 
of the matrix contribute to improving the mechanical properties of the composite. The 
relationship between the inter-particle spacing, λ, particle size, d, and volume fraction of 
the reinforcements, fv, assuming the particles to be periodically spaced, and cubic in 
shape, is given by the equation [5]: 
λ = d (fv-1/3-1)                                                                                                         (1) 
      Thus, the mechanical properties of the composite tend to improve with 
increasing volume fraction and decreasing particle size of the reinforcement [6-8]. Most 
of the work carried out to-date [9-18] on discontinuously reinforced aluminum (DRA) 
was primarily concerned with dispersing large volume fraction of reinforcements  
(up to 60%) in the micrometric scale (a few to a couple of hundred micrometers) as 
represented by region #1 in Figure 1.  
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Figure 1. Schematic representation of the relationship between inter-particle spacing, λ, 
particle size, d, and volume fraction, fv, of the reinforcement phase based on Eq. (1). Note 
that at volume fractions greater than 0.125, λ becomes smaller than the particle size. 
 
Even though some studies [19, 20] were carried out on nanometer-sized 
reinforcements, the volume fraction of the reinforcements was very small, about 2 to 4 % 
(represented by region #2 in Figure 1). Thus, as represented by region #3 in Figure 1, 
there is a gap in our understanding of the structure and properties of high volume fraction 
composites containing nanometer-sized reinforcements. The objective of the present 
investigation is therefore to bridge the gap between the above two extreme cases by 
synthesizing and characterizing aluminum reinforced with a uniform dispersion of high 
volume fraction nanometer-sized alumina particles. The composite thus produced 
possesses a microstructural configuration that is different from those previously studied; 
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the metallic phase assumes a nano-channel like morphology. Both inter-particle spacing 
and aspect ratio of the metallic channel (ratio of particle size to inter-particle spacing) 
will influence the mechanical behavior of the composites. 
One of the main challenges towards achieving a uniform distribution of the 
nanometric ceramic phase in the metal matrix is agglomeration of the reinforcement 
particles. This becomes even more significant when the size of the reinforcement is small 
and its volume fraction is high. But, these problems could be overcome by a judicious 
selection of the processing technique. In the present investigation, this has been achieved 
through an advanced powder metallurgy technique known as high-energy milling (HEM). 
 
1.2 Organization 
The prime objective of this investigation is to establish the effect of volume 
fraction and particle size on the mechanical properties of MMCs. The highly economical 
process of high-energy milling was used to synthesize these MMCs using different 
volume fractions and particle sizes of the reinforcements. The synthesized MMC powders 
were then consolidated to bulk shapes and subjected to mechanical testing to study the 
mechanical properties of these MMCs.  
Chapter 2 surveys the literature available in terms of the synthesis and properties of 
Al-based MMCs. A description of the high-energy milling technique and the process 
parameters are explained in detail. The various consolidation techniques available to 
compact the milled powder samples are also described. 
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Chapter 3 outlines the experimental procedure followed to synthesize, characterize, 
and consolidate the powders. The procedure followed to mechanically characterize the 
consolidated samples is also explained. 
Chapter 4 discusses the results obtained in this investigation in detail with the 
conclusions and future work summarized in Chapter 5. This will be followed by the 
appendix for compression testing. A list of references cited in the text is the concluding 
































CHAPTER 2: LITERATURE SURVEY 
2.1 Metal Matrix Composites (MMCs): Introduction 
A metal matrix composite (MMC) is a composite that contains a continuous 
metallic matrix phase and a reinforcement phase embedded in it. In the context of MMCs, 
the objective might be to combine the excellent ductility and formability of the matrix 
with the stiffness and load bearing capacity of the reinforcement, or perhaps to combine 
the high thermal conductivity of the matrix with very the low coefficient of thermal 
expansion (CTE) of the reinforcement [21-23]. 
 
2.2 Classification of MMCs 
The morphology of the reinforcement material is an important variable in metal 
matrix composites. MMCs can be classified into four broad categories based on the form 
of the reinforcing phase: (i) Short fiber reinforced composites and whisker reinforced 
composites (ii) Continuous fiber reinforced composites (iii) Monofilament reinforced 
composites, and (iv) Particulate-reinforced composites 
Typically, the selection of the reinforcement morphology is determined by the 




2.2.1. Particulate-Reinforced Composites 
Particulate-reinforced composites have a roughly equiaxed second phase that is 
deliberately introduced into the metal to improve its properties. Particulates can be mono 
or polycrystalline and can take various shapes (spherical, angular, and plate-like). 
Particulate-reinforced composites are a promising group of materials with homogeneous 
and isotropic properties, low cost of processing, significant stiffness improvements, and 
ability to be formed using conventional metal processing techniques. While continuous 
fiber-reinforced composites necessitate near net shape forming techniques, DRA can be 
processed by extrusion, forging, rolling [24-26], and even superplastic forming [27] with 
higher strain rates [28-34] than the conventional superplastic materials.  
 
2.2.1.1 Reinforcement /Matrix Selection 
Matrix is the percolating metal (e.g., aluminum, titanium) or alloy forming the 
constituent of an MMC in which the other constituents are embedded. Reinforcement is a 
constituent phase or combination of phases (e.g., alumina fibers, silicon carbide whiskers, 
steel fibers, or graphite particles) of the MMC which is combined with a metal or an alloy 
to produce a metal matrix composite. SiC happens to be the most widely investigated 
reinforcement in case of aluminum matrix composites [35]. Compatibility between the 
reinforcing phase and the matrix is one of the most important considerations in the 
development of MMCs which will greatly influence the final composite properties. 
Adequate bonding between them is required to permit loading to maximum strength.  
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2.2.1.2 Effect of Reinforcement Particle Size and Volume Fraction on Properties 
The fracture mechanisms of composites are controlled by the ability to form 
cavities and voids around particles in the matrix, which in turn depends on the particle 
size. Large reinforcements (above 1.5 µm) [Figure 2(a)] act as microconcentrators of 
stress and give rise to cleavage in the particles. Medium size reinforcements  
(200–1500 nm) [Figure 2(b)] lead to the formation of cavities or pits through loss of 
interphase cohesion. The smallest reinforcements (below 100 nm) [Figure 2(c)] usually 




Figure 2. Schematic drawing of packing arrangements of powder composite with 
different reinforcement sizes (a) large reinforcement particles, (b) similar sized 
reinforcement particles, and (c) small reinforcement particles [36]. 
 
Therefore, it is worthwhile to study the behavior of aluminum matrix composites 
reinforced with particles smaller than 100 nm. For optimum strength, the reinforcements 
must be fine and the inter-particle spacing small. A composite with high volume fraction 
and small particle size will have small inter-particle spacing λ which is expected to lead 
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to superior mechanical properties. The shape and geometry of the reinforcements also 
have a critical role to play in the mechanical properties of the composites [37, 38].  
 
   2.3 Processing of MMCs 
The choice of methods used to fabricate a composite will depend primarily on the 
mechanical and chemical properties of the matrix and reinforcement. Processing can, 
however, be broadly classified into: (1) Liquid-state processes, (2) Deposition processes, 
and (3) Solid-state processes. 
 
2.3.1 Liquid-State Processes 
Liquid-state processing is generally inexpensive and easier to handle than the 
powders. Further, complex shapes can be produced with the already existing casting 
methods. Limitation to low melting point alloys, lack of reproducibility, and undesired 
chemical reactions at the interface between the metal and reinforcements are the 
drawbacks of this technique. Liquid-state processing can, however, be classified into four 
categories: (1) Infiltration, (2) Dispersion, (3) Spraying, and (4) In-situ fabrication. 
Travitzky [39] fabricated Al-Al2O3 composites with interpenetrating networks 
with the metal content ranging from 12 to 34 vol. % by gas-pressure infiltration 
technique. Al2O3-coated Al nanocomposite powders were also successfully prepared by 
heterogeneous precipitation using aluminum nitrate, ammonia, and nanosize Al powder 
as starting materials [40]. Ferry and Munroe [41] employed molten metal mixing route to 
produce an aluminum alloy containing 20 vol. % Al2O3 particles of average size 15 µm. 
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2.3.2 Deposition Processes 
Individual reinforcement elements or monolayer reinforcements are coated using 
deposition processes. This process is advantageous for reactive metals like Ti since there 
is only small contact between matrix and reinforcement. Yu and Lee [42] synthesized Al- 
Al2O3 composites by forming thin Al2O3 films on commercially pure aluminum foil by 
anodizing.   
 
2.3.3 Solid-State Processes 
Solid-state processes minimize the chemical interaction between the matrix and 
reinforcement due to the low diffusivity between the two phases remaining in the solid-
state. Since segregation effects are minimum for these processes when compared with 
liquid-state processes, MMCs synthesized via solid-state processes, in particular 
discontinuous MMCs, yield good mechanical properties. Diffusion bonding and powder 
metallurgy are the two important solid-state processes. Mechanical alloying (MA) or 
high-energy ball milling (HEM) is the most widely used PM technique to obtain 
homogeneity of particle distribution. Katiyar [43], among others, synthesized high 
volume fraction Al-Al2O3 composites by MA. The process of HEM is explained in detail 





2.4 High-Energy Milling: Introduction 
Composites reinforced by carbides, borides, nitrides, and oxides have been 
successfully fabricated by either powder metallurgy (P/M) technique or casting methods 
[44-46]. High-energy ball milling process (also known as mechanical alloying (MA) 
when alloying takes place between the constituent materials) was initially employed to 
produce oxide-dispersion strengthened nickel-and iron-base superalloys for use in the 
aerospace industry [47]. It was subsequently shown to be capable of producing several 
metastable effects including formation of supersaturated solid solutions, quasicrystalline 
phases, metastable intermetallics, and amorphous alloys [48, 49]. MMCs have also been 
successfully synthesized by mechanical alloying [50-54].  
MA is a unique processing method where solid-state reaction takes place between 
the fresh powder surfaces of the reactant materials at room temperature. The final grain 
size is a function of the amount of energy input during milling as well as the time and 
temperature during milling and the milling atmosphere. The advantage of this technique 
is that it is simple, requires low-cost equipment, and many materials are capable of being 
processed. However, there can be difficulties, such as agglomeration of the powder 
particles, broad particle size distributions, and contamination from the process equipment 
itself. Recently Zebarjad and Sajjadi [55] have synthesized Al-Al2O3 MMCs with 
micrometric reinforcements. 
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2.4.1 Process of HEM 
 
 
Figure 3. Schematic representation of (a) powder particles trapped between the balls and 
(b) milling by crushing of particles between the vial surface and balls [56]. 
 
The basic principle involves repeated cold welding, fracturing, and re-welding of 
powder particles achieved by repeated collisions (Figure 3) of powder particles between 
the grinding medium (usually steel or tungsten carbide balls) in the milling container 
made of hardened steel or tungsten carbide. During each collision the powder particles 
get trapped between the colliding balls, between the ball, and the inner surface of the vial 
and undergo severe plastic deformation. This results in the formation of cold welds and 
building up of composite metal particles consisting of various combinations of the 
starting powder mixture. A balance is achieved between the rate of welding that increases 
the average composite particle size and the rate of fracturing that decreases the average 
composite particle size. This leads to a steady-state particle size distribution of the 
composite metal particles [57]. The continuous interaction between the fracture and 
welding events tends to refine the grain structure and leads to a uniform distribution of 
the fine reinforcement. 
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2.4.2 Components of Milling 
The two important components for milling are the raw materials and the milling 
equipment. Based on the product required these two components are selected. The 
processes of cold welding and fracturing and their kinetics at any stage will depend on 
the characteristics of the starting powder and the type of equipment used. 
 
2.4.3 Process Variables 
Studies have shown that the structural transformations and the end product of the 
milling process depend on the chemical properties of the materials being milled, the type 
of milling device, and on specific milling parameters [48,49] like milling speed, milling 
time, grinding medium used, ball-to-powder weight ratio, temperature, milling 
atmosphere, and process control agents, to name a few. These process variables are 
briefly discussed in the next section. Apart from the above physical parameters, a few 
other factors that are equally important from the analytical point of view are the collision 
velocity and the impact energies that determine the rate of mechanical energy transfer. 
 
2.4.3.1 Milling Time  
Milling time is one of the most important parameters in MA. It varies based on 
the type of mills, ball to powder weight ratio, temperature, and intensity of milling. The 
time should be chosen such that a steady state is achieved between cold welding and 
fracturing of powder particles to facilitate alloying. In case of composites the milling time 
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should be selected such that there is a homogenous distribution of the second phase and 
care should be taken since excess milling will result in agglomeration of powders. 
 
2.4.3.2 Milling Speed/Energy 
This parameter also varies based on the type of mill used. Higher the speed higher 
is the rate of energy transfer to the powder and lower is the milling time to achieve the 
desired homogeneity. The kinetic energy supplied to the powder will be higher at higher 
velocities of the grinding medium. However, there is a limit to the maximum speed that 
can be used. For example in the case of conventional ball mills, at higher speeds the balls 
tend to stick to the walls of the vial and thus are incapable of transferring energy to the 
powder particles. Therefore, the maximum speed selected should be lower than this 
critical value. At higher speeds the temperature of the system may increase and may 
accelerate the transformation process and result in the decomposition of the solid solution 
or crystallization of the amorphous phases [58]. 
  
2.4.3.3 Milling Medium 
Hardened steel, tool steel, stainless steel, tempered steel, chromium steel, and 
WC-Co are the most common types of materials used for the milling medium. In most of 
the cases the milling container and the grinding balls used are made of the same material 
to avoid any cross contamination of the powder. Proper selection of the vial set (vial and 
balls) is critical and the density of the milling medium has to be high enough to create 
enough impact force on the powder. A combination of different sizes of balls minimizes 
the amount of cold welding of the powders on the surface of the balls and the internal 
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surface of the vial. The main reason for this is attributed to the high shear forces 
developed between the balls of different sizes that tend to detach the powder coatings 
from the surface of the balls. 
 
2.4.3.4 Milling Atmosphere 
MA is carried out under vaccum or in an inert gas atmosphere such as argon or 
helium to minimize oxidation and contamination of powders. The milling atmosphere 
also influences the kinetics of alloying, transformation behavior, and also nature of the 
product phase. The vials are generally evacuated or filled with an inert gas before milling. 
Also the loading and unloading of powders into the vial is carried out in the inert gas 
chamber. Different atmospheres have been used for specific purposes. Nitrogen, 
ammonia, and hydrogen were also used to produce nitrides and hydrides. Generally N2 
and H2 are not used due to the reactive nature of these gases with metal powders. 
 
2.4.3.5 Ball to Powder Weight Ratio 
The ratio of the weight of the balls to the powder (BPR), also referred to as charge 
ratio (CR), has a significant effect on the time required to achieve a particular phase in 
the powder being milled. The number of collisions per unit time increases along with 
increased chances of contamination. A BPR of 10:1 is the most common for small 
capacity mills. However, ratios as low as 1:1 [59] to as high as 1000:1 [60] have been 
used in special cases to obtain desired features. The effect of BPR on milling time is 
significant; higher the BPR, shorter is the milling time to achieve a particular constitution 
of the powder. High BPR implies higher weight proportion of balls and in turn higher 
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number collisions per unit time. In general the BPR should be appropriately chosen 
according to the maximum capacity of the vial. In most of the cases the extent of filling 
the vial is about 50 % of its volume, i.e., half of the vial space is left empty for optimum 
results. 
 
2.4.3.6 Process Control Agent 
 The main purpose of the process control agent (PCA) is to minimize any 
unwarranted and excessive cold welding of the powder particles onto the internal surfaces 
of the vial and to the surface of the grinding medium during the heavy plastic 
deformation, as is the case in MA. The PCA gets adsorbed onto the surface of the powder 
particles and minimizes the effect of cold welding and thus inhibits agglomeration. The 
powder particle size tends to increase if the weight proportion of PCA to powder is below 
a critical value, while it decreases above this value as the PCA lowers the surface tension 
of solid materials. Most important PCAs include stearic acid, hexane, methanol, and 
ethanol. The quantity of PCA used will determine the amount of powder recovered from 
the process [61]. It should be noted that excessive PCA beyond the critical amount will 






2.5 Consolidation Techniques 
In general, ball-milled powders can be consolidated to full density by hot pressing 
and extrusion, but it has been shown that the microstructure of the bulk materials is 
coarsened due to long term exposure at high temperatures which deteriorates their 
mechanical properties. Among the approaches used earlier for fabrication of Al-based 
composites the following are known:  
1. Mechanical alloying with the subsequent static compaction [62], and 
2. Static compaction of partly oxidized (passivated) nanopowders [63]. 
Some of the consolidation techniques which can be used for consolidating MMCs will be 
discussed in the following section. 
 
2.5.1 Magnetic Pulse Compaction (MPC)                
In Magnetic pulse compaction (Figure 4), it is possible to reach high relative 
densities of nano metallic compacts owing to sufficiently high pressure and adiabatic 
heating in very short duration. During compaction the simultaneous actions of high pulse 
pressure and accompanying adiabatic heating are successfully combined. In Dynamic 
magnetic compaction, high currents are passed through the compactor coil using a power 
supply system. The powder material is enclosed in a confining container and placed at the 
center of the compactor coil. For electrically non-conducting powders, the confining 
container has to be conductive; for conductive powders, this restriction does not apply. 
The currents in the compactor coil generate magnetic fields, which produce magnetic 
pressures on the powder and consolidate it. This pressure is directed radially inwards on 
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the powders. Since the armature is launched into the powders with a large kinetic energy 
within a few microseconds of the compaction cycle the powders are pressed to full 
density via the transmitted impact energy, with the entire compaction occurring in less 
than one millisecond.  
              
 
Figure 4. Principle of Magnetic pulse compaction 
                            [Courtesy: IAP Research Inc., (Magnapress)] 
 
Nanostructured Al-Al2O3 composites with a homogeneous distribution of oxide 
particles were fabricated by magnetic pulse compaction of passivated aluminum 
nanopowders preheated up to 400-500◦C in vaccum [64].  
 
2.5.2 Hot-Isostatic Pressing (HIP) 
Hot-isostatic press is used for the densification of P/M products. It is based on the 
principle of uniform heating of the sample while gas pressure is applied to all surfaces 
with accurate control of temperature and pressure. The equipment consists of a large 
water-cooled pressure vessel containing a resistance-heated furnace, thermally insulated 
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from the pressure vessel. Pressure is applied with an inert gas. Very high pressure pulses 
of short duration are employed to fabricate composites. The Quick-HIP system (Figure 5) 
is a pilot-plant scale unit for rapid HIP of materials up to 75,000 psi (517 MPa). It is 
equipped with modular furnace units, which allow independent control of both 
temperature and pressure profiles during processing. With Quick-HIP, materials can be 
densified at higher pressures, lower temperatures, and/or shorter times than with 
conventional HIP. This reduced thermal exposure minimizes undesirable grain 
coarsening and interfacial reactions. It also enables parts to be processed at a potentially 
lower cost than by conventional HIP.  
 
 
Figure 5. Schematic of Quick-HIP system [65] 
   
2.5.3 Vaccum Hot Pressing (VHP) 
Vaccum hot pressing (VHP) is used in the fabrication of metal matrix composites 
for development and optimization of material processing routes for advanced materials. 
VHP (Figure 6) is carried out by raising the temperature of the furnace until the metal 
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starts to flow and by simultaneous application of pressure. Low pressure forging, 
compaction, degassing, heat treatment, and sintering of ceramic and/or intermetallic 
powders and diffusion bonding are typical uses of the vacuum hot press. 
 
                           
 
                Figure 6. Vaccum hot pressing (VHP) apparatus [66] 
 
2.5.4 Field Activated Sintering Technique (FAST) 
The Field Activated Sintering Technique (FAST) involves the imposition of 
an electrical field during sintering. This can provide a number of advantages, including 
higher sintered densities at lower temperatures or in less time than conventional sintering, 
and a finer microstructure. It consists of two stages: (1) an initial activation through the 
application of a pulse current and (2) a resistance heating step. The pulse discharge is 
achieved by the application of an on/off low voltage (~30 V), and high current (>600 A). 
The duration of each pulse varies between 1 and 300 ms, typically between 2 and 30 ms. 
The subsequent step comprises the application of a DC current at a level dependent on 
the powder type. The pulse and direct current may be applied simultaneously or 
 20
sequentially. The pressure is applied at a constant or variable level throughout the 
process. The entire operation, from powder loading in the die to the ejection of the 
finished part, may be accomplished in less than 10 minutes. Generally, no additives or 
binders are added and no prior cold compaction is required. In most cases, sintering is 
conducted in air, without any controlled atmosphere or prior powder degassing.  
More recently, a multitude of field-assisted consolidation techniques have been 
developed. They range from electrical discharge compaction (EDC) and pulse electrical 
discharge with pressure application to numerous variants of field activated sintering 
techniques (FAST) such as spark (plasma) sintering, plasma activated sintering (PAS), 
instrumented pulse electro-discharge consolidation or plasma pressure consolidation 
(PPC).  
 
2.5.5 Mechanically-Activated Field -Activated Pressure -Assisted Synthesis 
(MAFAPAS) 
This new process combining electric field activation and the imposition of 
pressure from mechanically activated powder mixtures is demonstrated as a means to 
simultaneously synthesize and densify nanostructured materials in one step. The 
mechanically activated powder mixtures are first cold compacted into well-adjusted 
cylindrical graphite dies using a uniaxial charge (from 0 to 200 MPa). The relative 
density of the green samples ranges from 50 to 65%. The graphite die containing the cold 
compacted mixture is placed inside the MAFAPAS reaction chamber evacuated, and 
back-filled with argon (quality U) to minimize oxidation. Then, the mechanically 
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activated reactant powders are subjected to a uniaxial pressure (0-110 MPa) while a high 
electric current (0-1750 A) is passed through the die. Under these conditions, a reaction is 
initiated and completed within a short period of time. 
 
2.5.6 Severe Plastic Torsion Straining (SPTS) 
Severe plastic torsion straining is one of the most widely known methods of 
severe plastic deformation. Application of an extremely high compressive stress with 
simultaneous straining in torsion is the unique feature of SPTS. The formation of 
nanostructures with high-angle grain boundaries has been noticed as an achievement of 
this technique due to the development of dislocation structures and subsequent 
transformation to new high-angle boundaries. Another possibility of this technique is the 
cold consolidation of nano structures and nano-sized powders. Al6061 reinforced with 
Al2O3 MMCs have been consolidated by SPTS [67]. This procedure has been 
successfully used for consolidation of nanocrystalline powders in different metals and 
intermetallics. The most developed severe plastic deformation (SPD) techniques are 
equal channel angular pressing (ECAP) and high-pressure torsion (HPT). Recently, new 
SPD techniques have been developed, such as accumulative roll bonding, repetitive 
corrugation, straightening, and twist extrusion. 
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2.6 Properties of MMCs 
 The idea behind understanding the mechanical behavior of a composite is the 
concept of load sharing between the matrix and the reinforcing phase since the proportion 
of load borne by each of the individual constituents is usually gauged by the volume-
averaging of the load within them. A simple mathematical equation that describes the 
above concept [1]: 
(1-fv) σM + fv  σr = σA                          (2) 
where σM, σr are the volume average stresses in the matrix and reinforcements under the 
external stress σA, containing volume fraction fv   of reinforcements. Thus, in a simple 
two-constituent MMC, certain proportion of the external load is carried by the 
reinforcements and the rest by the matrix. Reinforcements are considered to be more 
efficient of the two constituents in carrying the load. This results in higher strength and 
greater stiffness in the composite material. In order to increase the strength and stiffness 
of the composite material, the reinforcement particle loading should be as high as 
possible. But local reinforcement particle clustering might become a serious problem 
when the reinforcement loading is very high, e.g., at 30 vol. %. It is also found that 0.2% 
proof stress and tensile strength tend to increase, while toughness and ductility decrease 
with increasing volume fraction of particulate or decreasing particle size [68]. Table 1 
shows the variation in properties with increasing reinforcement content in wrought 
composites [69, 70]. 
 
 23
Table 1.Typical properties of Al 6061/Al2O3/T6 and Al 2618/Al2O3/T6 Duralcan MMCs 
[69, 70] 
 
Matrix 6061 2618 
Particulate- reinforced (vol. %) 10 15 20 10 15 20 
Tensile ultimate strength (MPa) 352 365 372 462 469 462 
Tensile elongation to failure (%) 10 6 4 3.3 2.4 2 
Tensile yield strength (MPa) 296 324 352 400 421 421 
Young’s modulus (GPa) 81.4 88.9 97.2 88.3 95.1 104 
Poisson’s ratio - - - 0.32 - 0.31
Fracture toughness KIC  (MPa.m1/2) 24.1 22 21.5 20.3 - 19.3




Figure 7. (a) Tensile properties of aluminum and Al-Al2O3 composites and (b) Calculated 
yield strength for Al2O3/Al composites compared with experimental results [71] 
 
Kang and Chan [71] showed that the hardness, tensile, and yield strength  
(Figure 7) increased with increasing volume fraction of the reinforcements in case of Al-
Al2O3 (0-7 vol. % 25 nm Al2O3) synthesized by the P/M route. However, above 4 vol. % 
no increase in hardness values (Table 2) was observed which was attributed to the 
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saturation of the nano reinforcements at the grain boundaries thereby minimizing the 
effect of grain boundary pinning.  
Table 2. Grain sizes and hardness of Al-Al2O3 composites [71] 
 
Vol.% Al2O3 1 2 3 4 5 6 7 
Grain size 
(µm) 3.0 2.3 1.9 1.2 1.1 1.2 1.3 
Hardness 
(HR) 45.6 50.1 57.7 66.6 64.7 63.2 68.4 
 
Kouzeli and Mortensen [72] showed the importance of phase connectivity on 
mechanical properties of the composite by studying two different reinforcement 
architectures of Al-Al2O3 composites - Interconnected and Discontinuous. Kouzeli and 
Mortensen [73] also carried out extensive studies on the effect of damage mechanism on 
the tensile properties Al-Al2O3 composites. Carvalhinhos et al. [74] studied Al 6061 alloy 
reinforced with 20 % of SiC and Al2O3 particulates prepared by cold pressing of 
powders. They found that SiC provided significant strengthening but reduced the ductility 
of the alloy more than Al2O3.  
 
2.7 Applications of AMCs 
Aluminum matrix composites (AMCs) are widely used in the aerospace industry 
due to their high strength to weight ratio where fuel can be saved with more lightweight 
system. For missile applications this low weight is extremely essential in increasing the 
load capacity of the missile. In addition to the light weight the creep properties, high 
elastic modulus, and high strength are also important properties for compressor blades 
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and propellers. AMCs have also been used in battle tanks as transition cases, chassis 
parts, armour components, and field erectable assault bridges. AMC piston crowns 
(Figure 8) which were squeeze cast with AlSiCu and with Al2O3 fibers were observed to 
be crack free and did not exhibit bowl edge erosion present on control pins. Cast, forged, 
and machined Al 6061 with 15 vol. % SiC is used as connecting rods while Al-17Si with 
3 to 5.5 vol. % alumina [75] was found to improve the abrasion and seizure resistance in 
motor parts. Table 3 shows the application examples of AMCs. 
 
 
Figure 8. Al-SiC and Al-Al2O3 metal matrix composite parts such as pistons with back-
extrusions and gears [Courtesy: Pacific Northwest Lab.] 
 
Table 3. Application examples of particulate- reinforced AMCs [76] 
 
Aeronautical/Military Automotive Sport 
metal mirror optics 












golf club heads 
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CHAPTER 3: EXPERIMENTAL PROCEDURES 
The procedures carried out for the entire process of powder synthesis, 
characterization, consolidation of the milled powder, and mechanical testing will be 
explained in this chapter. 
 
3.1 Raw Materials 
Pure aluminum and Al2O3 powders were obtained from commercial vendors. Pure 
Al powder of 99.8 % purity, and average particle size of 50 µm (-40,+325 mesh) was 
obtained from Alfa Aesar Corporation, Ward Hill, MA. Al2O3 powders of 50 nm and 150 
nm sizes with 99.99 % purity were obtained from Dalian Luming Nanometer Material 
Co., Ltd. Dalian, China. Al2O3 powders of 5 µm diameter and 99.99 % purity were 
obtained from METLAB Corporation, Niagara Falls, NY. 
 
3.2 Compositions Selected 
The following Al-Al2O3 compositions (Table 4) were selected to investigate the 
effects of particle size and volume fraction on the mechanical behavior of the composites, 
for which achieving a uniform distribution of the reinforcement phase and consolidation 
to full density are essential. Al2O3 was chosen as the reinforcement since it is chemically 
inert with Al and can also be used up to higher temperatures than un-reinforced 
aluminum with better resistance to creep. The reasons behind the choice of this 
combination of particle sizes and volume fractions were to check (i) whether there is a 
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maximum volume fraction of Al2O3 beyond which it will be difficult to achieve uniform 
distribution and consolidate the composite powder, and also (ii) to see if there is a 
minimum particle size, below which again it will be difficult to achieve uniform 
distribution and consolidate the composite powder. With this in view, different volume 
fractions (5 to 50%) and particle sizes (50 nm to 5 µm) were chosen. The 5 and 10 vol.% 
samples were provided by Changchun Institute of Optics, Fine Mechanics, and Physics, 
Chinese Academy of Sciences, China. 







3.3 Milling of Powders 
The pure component powders, in the desired sizes and volume fractions, were 
mixed under argon atmosphere inside a glove box to minimize any contamination 
resulting from handling of powders in the air. High-energy milling of the powders was 
conducted in a SPEX 8000 mixer mill (Figure 9) to produce composite powders. About 
10 g of the blended powder mixture and 100 g of steel balls were chosen, maintaining a 
ball-to-powder weight ratio (BPR) of 10:1. The powders and the balls were loaded into 
the vials inside an argon-filled glove box. Milling was carried out for different times until 
Al2O3 Particle Size Al2O3 content 
(vol. %) 50 nm 150 nm 5 µm 
 
5 √ √  
10 √ √  
           20 √ √ √ 
           30 √ √ √ 
           50 √ √ √ 
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steady-state conditions were achieved. The milled powders were taken out at regular 
intervals of time – 5, 10, 15, and 20 h – for microstructural and crystal structure analysis. 
 
Figure 9. SPEX Certiprep 8000D mixer mill 
 
To avoid any unwarranted and excessive cold welding of powder particles 
amongst themselves, on to the internal surfaces of the vial and to the surface of the 
grinding medium during milling, stearic acid amounting to about 0.5 to 1.0 wt. % of the 
total powder charge was used as the process control agent. Tables 5, 6, and 7 list the data 







Table 5. Data sheet for Al-20 vol. % Al2O3 (50 nm, 150 nm, and 5 µm) 
 
Al-20 vol.% Al2O3 50 nm 150 nm 5 µm Units 
Purity of Al2O3 99.99 99.99 99.98 % 
Purity of Al 99.8 99.8 99.8 % 
Particle size of Al 50 µm 50 µm 50 µm - 
Ball size (Diameter) 0.635, 1.27 0.635, 1.27 0.635, 1.27 cm 
Total wt of balls 99.76 99.76 100.706 g 
Wt. of charge powder  9.976 9.976 10.070 g 
Stearic Acid 0.1 0.1 0.1 g 
BPR 10:1 10:1 10:1 - 
Density of Al2O3 3.65 3.65 3.96 g/cc 
Density of Al 2.6989 2.6989 2.6989 g/cc 
Vol. Ratio: V (Al2O3) / V (Al) 0.25 0.25 0.25 - 
Wt. Ratio: W (Al2O3) / W (Al) 0.3668 0.3668 0.3668 - 
Wt. of Al2O3 required 2.5207 2.5207 2.7027 g 




Table 6. Data sheet for Al-30 vol. % Al2O3 (50 nm, 150 nm, and 5 µm) 
 
Al-30 vol.% Al2O3 50 nm 150 nm 5 µm Units 
Purity of Al2O3 99.99 99.99 99.98 % 
Purity of Al 99.8 99.8 99.8 % 
Particle size of Al 50 µm 50 µm 50 µm - 
Ball Size (Diameter) 0.635, 1.27 0.635, 1.27 0.635, 1.27 cm 
Total wt of balls 101.75 101.75 100.45 g 
Wt. of charge powder  10.175 10.175 10.045 g 
Stearic Acid 0.1 0.1 0.1 g 
BPR 10:1 10:1 10:1 - 
Density of Al2O3 3.65 3.65 3.96 g/cc 
Density of Al 2.6989 2.6989 2.6989 g/cc 
Vol. Ratio: V (Al2O3) / V (Al) 0.4285 0.4285 0.4285 - 
Wt. Ratio: W (Al2O3) / W (Al) 0.6287 0.6287 0.6287 - 
Wt. of Al2O3 required 3.7303 3.7303 3.8748 g 
Wt. of Al required  6.4447 6.4447 6.1702 g 
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Table 7. Data sheet for Al-50 vol. % Al2O3 (50 nm, 150 nm, and 5 µm) 
 
Al-50 vol.% Al2O3 50 nm 150 nm 5 µm Units 
Purity of Al2O3 99.99 99.99 99.98 % 
Purity of Al 99.8 99.8 99.8 % 
Particle size of Al 50 µm 50 µm 50 µm - 
Ball Size (Diameter) 0.635, 1.27 0.635, 1.27 0.635, 1.27 cm 
Total wt of balls 100.10 100.10 100.31 g 
Wt. of charge powder 10.01 10.01 10.031 g 
Stearic Acid 0.1 0.1 0.1 g 
BPR 10:1 10:1 10:1 - 
Density of Al2O3 3.65 3.65 3.96 g/cc 
Density of Al 2.6989 2.6989 2.6989 g/cc 
Vol. Ratio: V (Al2O3) / V (Al) 1.0 1.0 1.0 - 
Wt. Ratio: W (Al2O3) / W (Al) 1.4673 1.4673 1.4673 - 
Wt. of Al2O3 required 5.7548 5.7548 5.9654 g 
Wt. of Al required 4.2552 4.2552 4.0655 g 
 
 
3.4 Microstructural Characterization 
The milled powders were characterized for their microstructure and distribution of 
Al2O3 particles in the Al matrix, using a JEOL-JSM 6400 F scanning electron microscope 
(SEM). For microstructural observation in the SEM, very small amounts of powders 
taken at intervals of 5, 10, 15, and 20 h of milling were placed on carbon tapes. The SEM 
was equipped with an energy dispersive spectrometer (EDS) for compositional analysis. 
Compositional analysis was carried out by EDS using GENESIS EDAX software that 
gives the flexibility of image control (ability to adjust contrast and brightness in the 
SEM). Both aluminum and oxygen peaks were detected in the EDS maps and they were 
analyzed for the weight (and atomic) percentages of the constituent elements. X-ray 
mapping was also done to observe the distribution of the different elements in the 
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powders. SEM observations were also conducted on the consolidated samples for 
microstructural analysis. 
3.5 Crystal Structure Analysis 
X-ray diffraction (XRD) patterns were recorded from the as-received and milled 
powders using a Rigaku X-ray diffractometer using Cu Kα radiation (λ = 0.15406 nm) at 
40 kV and 40 mA settings. The XRD patterns were recorded in the 2θ range of 30 to 90°. 
The diffraction peaks were analyzed using standard XRD procedures to determine the 
crystal structures and lattice parameters of the phases [77]. The lattice parameters for 
cubic structures were calculated using Eq. (3) while Eq. (4) was used for calculating the 
lattice parameters of hexagonal structures.  
                 
[ ]222222 lkh4aλ  θsin ++=                                                                                               (3)   
 















λ  θsin                                                                       (4)                          
where λ= wavelength, a and c = lattice parameters, hkl = miller indices, and  
θ = Bragg angle. 
 
3.6 Consolidation of Milled Powders 
 Consolidation of the powders is necessary to get bulk shapes for subsequent 
mechanical characterization. Therefore, all the powders milled to the steady-state 
condition (for 20 h) were consolidated to achieve full density in the compacts. 
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Consolidation was achieved through three different techniques – (i) magnetic pulse 
compaction (MPC), (ii) hot-isostatic pressing (HIP), and (iii) vacuum hot pressing (VHP) 
 
3.6.1 Magnetic Pulse Compaction (MPC) 
  The Al-30 vol. % Al2O3 powders (50 nm, 150 nm, and 5 µm) milled for 20 h were 
consolidated by magnetic pulse compaction by heating them to 400-500 oC in vacuum 
and using 3 different voltages, viz., 10, 12, and 13.8 kV. This consolidation was done at 
IAP Research Inc., Kettering, OH. The powders were densified via the transmitted 
energy, with the entire compaction occurring in less than one millisecond. 
 
3.6.2 Hot-Isostatic Pressing (HIP) 
   Generally HIP is expected to be efficient in producing full density products 
starting from powders. To check whether this method would work for the Al-Al2O3 
composite powders, the Al-30 vol. % Al2O3 (50 nm) sample was consolidated using HIP 
parameters of 600oC, 30,000 psi, and 3 h. 
3.6.3 Vacuum Hot Pressing (VHP) 
 Vacuum hot pressing was carried out by raising the temperature of the furnace 
to 640oC and by the simultaneous application of pressure of 50 MPa for 2 h. VHP was 
carried out on Al-5 and 10 vol. % Al2O3 powders with the Al2O3 sizes of 50 and 150 nm 
and also on pure Al powder at the Changchun Institute of Optics, Fine Mechanics and 
Physics, Chinese Academy of Sciences. 
 33
 3.7. Mechanical Characterization 
The consolidated samples were subjected to mechanical characterization by two methods. 
(i) Compression testing and (ii) Nanoindentation. 
 
3.7.1 Compression Testing 
 
Figure 10. Diagrammatic representation of the compression testing set-up 
 
Compression tests were performed using the Instron Dynamic Testing Instrument 
(3369 P) on the VHP+HIP dense compacts. The test specimen of 4 mm diameter and 10 
mm high was cut out from the bulk material using electric discharge machining (EDM) 
technique. The maximum displacement was kept close to 10 % of the total specimen 
height and the specimen was loaded at a strain rate of 0.001 s-1. Figure 10 shows the 
compression testing set-up. The operational procedure for the compression testing set-up 
is explained in detail in the appendix. 
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3.7.2 Nanoindentation 
Nanoindentation tests were carried out on Nanotest-600® (manufactured by 
Micromaterials Limited of Wrexham, UK.) using a spherical diamond indenter. 
Nanoindentation tests provide an effective tool to work with a much smaller volume of 
materials than conventional tests. The load-displacement (P-h) curve shown in Figure 11 
consists of a loading curve that characterizes the resistance of the material against the 
penetration of the indenter and an initial part of the unloading curve that describes the 
elastic recovery of the indent. When the load is removed, the material tries to regain its 
original shape but due to plastic deformation its complete recovery is not possible. 
 
 
Figure 11. Load-Displacement curve with labeled parameters [78] 
 
In Figure 11, Pmax is the maximum load applied at the indenter tip, hmax is the 
maximum displacement of the indenter into the material at Pmax, S is the slope of the 
initial portion of the unloading curve, hp is the plastic displacement, and hr is the residual 
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displacement after complete removal of the indenter. The mean contact pressure [78] is 
taken as the indentation hardness (H) of the material and is calculated by dividing the 
load applied at the indenter by the projected area of the contact. The elastic modulus 
determined from the initial slope of the unloading portion of the P-h curve is termed as 
indentation modulus of the material. In a typical nanoindentation test load and depth of 
penetration of the indenter into the material are recorded as load is applied from zero to a 
maximum value followed by a steady withdrawal from maximum to zero load and is 
schematically shown in Figure 11. For the case of a sharp indenter, analysis of the load-
displacement curve can be done following the Oliver and Pharr method [79]. The slope of 
the initial portion of the unloading curve can be used to determine the unloading stiffness 
(by extrapolating to zero loads) and the extrapolated depth to calculate the area of 
contact. For the case of spherical indenter, elastic contact between the indenter and the 
material surface (considered to be of infinite radius of curvature) is taken into account 
and it has been shown that the relation between the load (P) and depth of indentation (h) 
is given as [80]: 
P = Ch3/2                    (5) 
where C = (23/2E*D1/2)/3                  (6) 
D is the diameter of the indenter and E* is the reduced modulus, given as: 














⎡ −=                  (7) 
where E and υ are the elastic modulus and Poisson’s ratio of the material, respectively 
and the subscript i indicates the respective properties for the indenter. 
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The P-h response (loading) of the material contains the initial elastic portion and 
can be fitted with a 3/2 power fit to calculate the constant C in equation (5) and the elastic 
modulus from equation (7).  
Nanoindentation was carried out with the following parameters: 
Loading rate: 100 mN/sec 
Maximum load: 100 mN 
Diameter of the indenter (D): 2.8 mm 
Poisson’s ratio of the indenter (υi): 0.07 
Poisson’s ratio of the composite (υ): 0.33  
Elastic modulus of the indenter (Ei): 1141 GPa  
The machine compliance refers to the deformation of the machine during the 
indentation process. The amount of machine deformation is proportional to the applied 
load. Thus each raw load-displacement data involves contribution from both the material 
and the machine. In order to obtain accurate results the machine deformation has to be 
subtracted from the raw data. The machine compliance was determined by indenting a 
standard steel sample of known modulus and by deriving a relationship between the 
machine displacement and the applied load. To verify this relationship a standard 
Vitreloy1TM sample was indented and the modulus was experimentally determined.  
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CHAPTER 4: RESULTS AND DISCUSSION 
This chapter will present the results obtained using the procedures described in 
Chapter 3 (Experimental Procedures). The as-synthesized powders were characterized by 
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray 
mapping, and X-ray diffraction (XRD) techniques for their microstructural and crystal 
structure features. The milled powders were subsequently consolidated to bulk shapes 
using different methods such as magnetic pulse compaction, hot-isostatic pressing, 
vacuum hot pressing, and combinations of these. The microstructure of the compacts was 
evaluated through optical and scanning electron microscopy techniques. The mechanical 
properties of the composites were evaluated via compression testing and instrumented 
nanoindentation methods. 
4.1 Microstructural Observations 
The main objective of the investigation was to ensure that a homogeneous 
distribution of Al2O3 in an aluminum matrix was achieved after milling. The reason 
behind this is that a uniform distribution of reinforcements is necessary to achieve 
uniform properties throughout the composite. However, achieving this uniform 
distribution requires careful synthesis since clustering of the reinforcement particles 
would be a major issue. Clustering becomes even more pronounced at high volume 
fractions of reinforcement and hence the microstructural features of the powders with 
higher volume fractions of 20, 30, and 50 vol.% of Al2O3 will be discussed in detail in the 
following sections. Microstructural observations were carried out by SEM to check the 
uniform of distribution of Al2O3 and to investigate the powder morphology. 
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4.1.1 Pure Powders 
SEM micrographs of the as-received aluminum and the three sizes of Al2O3  
(50 nm, 150 nm, and 5 µm) powders were recorded to evaluate the morphology of the 
pure powders before milling.  
  
   
Figure 12. SEM micrographs of as-received (a) Al, (b) Al2O3 (50 nm),  
(c) Al2O3 (150 nm), and (d) Al2O3 (5 µm) powders. 
 
It is noted from Figure 12(a) that the Al powders are irregular in shape and that 
they have an average particle size of about 50 µm, as indicated by the vendor. The three 







the 5 µm Al2O3 particles could be clearly seen individually [Figure 12(d)], agglomeration 
seems to have occurred in the case of 50 nm and 150 nm particles. Consequently, it was 
not possible to determine the exact sizes of the particles. The size of the agglomerates in 
both the cases is about 1 µm. 
 
4.1.2 Microstructure of the Milled Powders  
The evolution of particle size and distribution of Al2O3 particles as a function of 
milling time and also volume fraction of the reinforcement phase will be discussed in this 
section. 
 In order to better understand the evolution of the size and shape of the particles 
we will first consider the Al-20 vol. % Al2O3 (50 nm) system which has the smallest 
particle size. Figure 13 shows the sequence of scanning electron micrographs of the Al-
20 vol. % Al2O3 (50 nm) powder mix as a function of milling time. The powder particle 
size is changing with milling time, as a result of the two opposing factors of cold welding 
and fracturing of powder articles. While cold welding increases the particle size, 
fracturing reduces the size. In the early stages of milling, the powder particles are still 
soft and cold welding predominates. Consequently, an increase in particle size is 
observed after 5h of milling as shown in Figure 13(a). 
With continued milling the particles get work hardened and become brittle and the 
rate of fracturing tends to increase resulting in a reduction in particle size after 10 h of 
milling. This can be clearly seen in Figure 13(b).  
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Once fracturing had occurred, fresh particle surfaces are produced and due to the 
high reactivity of these surfaces, cold welding again becomes predominant leading to an 
increased particle size after a milling time of 15 h, as depicted in Figure 13(c).  
 Eventually, a balance is established between the cold welding and fracturing 
events and a steady-state situation is obtained. That is, the particle size gets stabilized, 
and does not change with further milling. It may be noticed from the micrograph shown 
in Figure 13(d) that the distribution of Al2O3 particles (appearing bright in the image) in 
the Al matrix (grey) is very uniform after 20 h of milling.  
   
   
Figure 13. SEM micrographs of Al-20 vol. % Al2O3 (50 nm) powders milled for different 
times (a) 5 h, (b) 10 h, (c) 15 h, and (d) 20h. 
15 h 20 h






A similar situation was noted with the other volume fractions (30 and 50 vol. %) 
for Al2O3 particles of size 50 nm in the milled powder mixes. Figures 14 and 15 show 
scanning electron micrographs of the Al-Al2O3 powders (50 nm) containing 30 and 50 
vol. % Al2O3, respectively as a function of milling time. It was observed that in these 
cases also a steady state condition was achieved after 20 h of milling due to the balance 
between the cold welding and fracturing events occurring,. A fairly uniform distribution 
of Al2O3 in the Al matrix is seen after 20 h of milling in both the cases. 
 
   
 
 
   
Figure 14. SEM micrographs of Al-30 vol. % Al2O3 (50 nm) powders milled for different 
times (a) 5 h, (b) 10 h, (c) 15 h, and (d) 20h. 
15 h 20 h
5 h 10 h(a) (b)
(c) (d)
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Figure 15. SEM micrographs of Al-50 vol. % Al2O3 (50 nm) powders milled for different 








15 h 20 h
5 h 10 h(a) (b)
(c) (d)
 43
Similar micrographs for 150 nm Al2O3 (Figures 16-18) with 20, 30, and 50 vol.%, 
respectively show cold welding after 5 and 15 h with fracturing  observed after 10 h of 
milling. Even though, occasionally, some large particles are seen [for example,  
in Figure 16(d)], which could be due to the agglomerated nature of the 150 nm pure 
powders, in most of the cases the particle size is uniform and the particle distribution also 
is very uniform after 20 h of milling. 
 
   
 
 
   
 
Figure 16. SEM micrographs of Al-20 vol. % Al2O3 (150 nm) powders milled for 
different times (a) 5 h, (b) 10 h, (c) 15 h, and (d) 20h. 
15 h 20 h
5 h 10 h(a) (b)
(c) (d)
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Figure 17. SEM micrographs of Al-30 vol. % Al2O3 (150 nm) powders milled for 
different times (a) 5 h, (b) 10 h, (c) 15 h, and (d) 20h. 
 
 
15 h 20 h
5 h 10 h(a) (b)
(c) (d)
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Figure 18. SEM micrographs of Al-50 vol. % Al2O3 (150 nm) powders milled for 








5 h 10 h




 Evolution of particle size as a function of milling time was studied even for the 
largest reinforcement used in this investigation (5 µm) (Figures 19-21). In all the cases it 
was observed that a uniform distribution of the reinforcement was achieved after 20 h of 
milling. Similar to the previous cases cold welding predominated after 5 and 15 h while 
fracturing predominated after 10h of milling.  
 
   
 
   
 
 
Figure 19. SEM micrographs of Al-20 vol. % Al2O3 (5µm) powders milled for different 
times (a) 5 h, (b) 10 h, (c) 15 h, and (d) 20h. 
15 h 20 h




   
 
   
 
Figure 20. SEM micrographs of Al-30 vol. % Al2O3 (5µm) powders milled for different 
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Figure 21. SEM micrographs of Al-50 vol. % Al2O3 (5µm) powders milled for different 
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4.2 Energy Dispersive Spectroscopy (EDS) of the Milled Powders 
In order to ensure that the high-energy milling process did not introduce any 
contamination into the milled powder, EDS analysis of the as-milled powders was 
conducted. Figure 22 shows the EDS spectra for the Al-Al2O3 (50 nm) composition for 
the three different volume fractions, viz., 20, 30, and 50%. The presence of only Al and O 
was noticed from the peaks present in the spectrum, confirming that the milled powder 
did not contain any additional material due to contamination from the milling media 
(grinding vessel and medium). From the absence of clear peaks from any other element, it 
could be concluded that no significant contamination of the milled powders had occurred.  
It may also be noted that even though only Al and O peaks are seen in the three patterns, 
the intensity of the O peak is increasing with increasing volume fraction of Al2O3  
(Table 8), as expected from the increased amount of oxygen in the powder mixes 
containing a higher volume fraction of Al2O3. Consequently, while the O peak in  
Figure 22(a) for 20 vol. % Al2O3 is barely visible, that for 50 vol. % Al2O3 [Figure 22(c)] 
is much more intense.  
Table 8. Compositional analysis from EDS for different volume fractions of 50 nm Al2O3 





20 O    22.59 33.49 
 Al 77.41 66.51 
    
30 O    25.11 36.12 
 Al 74.89 63.88 
    
50 O   27.51 39.03 




Figure 22. EDS spectra of Al-Al2O3 (50 nm) powders milled for 20 h with (a) 20, (b) 30, 










Compositional analysis (Tables 9 and 10) obtained for 150 nm and 5 µm Al2O3  
particles also showed increase in oxygen content with increasing volume fraction of 
Al2O3. The EDS spectra of 150 nm and 5 µm (Figures 23 and 24) showed only two peaks 
corresponding to Al and O which confirmed that there was no contamination due to 
milling; similar to the situation of 50 nm Al2O3 EDS spectra. 
Table 9. Compositional analysis from EDS for different volume fractions of 150 nm 















Table 10. Compositional analysis from EDS for different volume fractions of 5 µm Al2O3 












20 O    23.55 34.19 
 Al 76.45 65.81 
    
30 O    27.51 39.03 
 Al 72.49 60.97 
    
50 O    29.56 41.44 





20 O    22.87 33.34 
 Al 77.13 66.66 
    
30 O    25.11 36.12 
 Al 74.89 63.88 
    
50 O    28.46 40.34 




Figure 23. EDS spectra of Al-Al2O3 (150 nm) powders milled for 20 h with (a) 20, (b) 30, 












Figure 24. EDS spectra of Al-Al2O3 (5 µm) powders milled for 20 h with (a) 20,  










4.3 X-ray Mapping of the Milled Powders 
Scanning electron microscopy confirmed that the composite particles had uniform 
sizes and that the distribution also is uniform. But, to confirm that this distribution is 
uniform on an elemental scale, X-ray mapping was carried out on the powders milled to 
the steady-state condition (20 h) for different volume fractions and sizes. Figure 25 shows 
the X-ray maps for the elements aluminum and oxygen in the Al-Al2O3 (50 nm) system 
for the three different volume fractions. Each dot in the X-ray map represents the 
presence of the corresponding element, viz., Al or O. It may be noted that both aluminum 
(left) and oxygen (right) are uniformly distributed in the powders in all the cases. Thus 
the X-ray maps with uniform distribution of oxygen confirms that a uniform distribution 
of Al2O3 in Al was achieved in the powder. This result is thus in accordance with the 
SEM results. With increasing volume fraction of Al2O3, increasing density of oxygen dots 
could be observed in the X-ray maps, as expected from the increased amount of oxygen 
in the powder mixes containing a higher volume fraction of Al2O3. Similar mapping 
results were obtained for the other two particle sizes, viz., 150 nm (Figure 26), and 5 µm 








     
     
   
   
 
 
Figure 25. X-ray maps showing Al (left) and O (right) for the Al-Al2O3 (50 nm) powders 









   
 
   
 
   
 
 
Figure 26. X-ray maps showing Al (left) and O (right) for the Al-Al2O3 (150 nm) 
powders milled for 20 h (a) 20 vol. % Al2O3, (b) 30 vol. % Al2O3, and  










   
 
   
 
   
 
 
Figure 27. X-ray maps showing Al (left) and O (right) for the Al-Al2O3 (5 µm) powders 











4.4 X-ray Diffraction of the Milled Powders 
 X-ray diffraction experiments were carried out on the milled powders for phase 
analysis and crystal structure determination. Figure 28 shows the XRD patterns for the 
as-received pure powders. As expected the XRD pattern of pure Al could be indexed on 
the basis of an FCC crystal structure with the lattice parameter a = 0.404 nm. The crystal 
structures of the three different Al2O3 powders with sizes of 50 nm, 150 nm, and 5 µm, 
were determined by comparing the experimental data with the standard data (Tables 11 
and 12) available in the Joint Committee on Powder Diffraction Standards (JCPDS) for 
the different polymorphic phases of Al2O3. Alumina exists in eight different 
polymorphs—seven metastable phases (γ, δ, ρ, η, χ, κ, and θ) as well as the thermally 
stable α-phase. The XRD pattern for the 150 nm powder (Figure 28) could be identified 
as belonging to γ-Al2O3 with a cubic structure and with the lattice parameter a = 0.779 nm 
(Table 13). The XRD pattern for the 50 nm powder (Figure 28) could also be identified 
as belonging to γ-Al2O3 with the cubic structure and with the lattice parameter  
a = 0.7865 nm (Table 14). While the 5 µm powder (Figure 28) could be identified as 
belonging to the α-Al2O3 type with a hexagonal crystal structure and with the lattice 
parameters a = 0.4729 nm and c= 1.2909 nm (Table 15). Table 16 shows the comparison 
of the lattice parameters between the various Al2O3 particle sizes. Thus, it could be seen 
that a metastable polymorph of Al2O3 is getting stabilized at small particle sizes. It may 
also be noted from the XRD patterns of the Al2O3 powder with 50 nm and 150 nm sizes 
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Figure 28. X-ray diffraction patterns of the as-received pure powders of Al and 
Al2O3 (50 nm, 150 nm, and 5µm). 
 














Table 11. Standard X-ray diffraction data of γ-alumina (JCPDS File # 10-425) 
 
Material: γ-alumina      
Crystal Structure: Cubic 
Lattice parameter: a = 0.790 nm   
Radiation: Cu Kα1: λ kα1 = 0.154056 nm 
Peak # 2θ (˚) d (nm) hkl I/I1 
1 19.45 0.4560 111 40 
2 33.63 0.2710 220 20 
3 37.60 0.2390 311 80 
4 39.49 0.2280 222 50 
5 45.37 0.1997 400 100 
6 60.89 0.1520 511 30 
7 67.03 0.1395 440 100 
8 85.01 0.1140 444 20 
9 97.18 0.1027 731 10 
10 102.31 0.0989 800 10 
11 121.23 0.0884 840 10 
















Table 12. Standard X-ray diffraction data of α-alumina (JCPDS File # 10-173) 
 
Material:  α-alumina      
Crystal Structure: Hexagonal  
Lattice parameter: a = 0.47586 nm, c = 1.29897 nm    
Radiation: Cu Kα1: λ kα1 = 0.154056 nm 
Peak # 2θ (˚) d (nm) hkl I/I1 
1 25.58 0.3479 012 75 
2 35.13 0.2552 104 91 
3 37.78 0.2379 110 40 
4 43.36 0.2085 113 100 
5 46.18 0.1964 202 2.0 
6 52.55 0.1740 024 45 
7 57.51 0.1601 116 80 
8 61.16 0.1514 122 4 
7 61.34 0.1510 018 6 
8 66.54 0.1404 214 30 
9 68.19 0.1374 300 50 
10 70.35 0.1337 125 2 
11 74.26 0.1276 208 4 
12 77.22 0.1235 1010 8 
13 80.69 0.1189 220 8 
14 83.21 0.1160 306 7 
15 84.37 0.1147 223 6 
16 86.37 0.1125 312 6 



















d (nm) hkl a (nm) 
1 33.63 33.93 0.2638 220 0.7461 
2 37.60 37.96 0.2367 311 0.7850 
3 39.49 39.82 0.2261 222 0.7832 
4 45.37 46.09 0.1967 400 0.7868 
5 60.89 61.17 0.1515 511 0.7872 
6 67.03 67.33 0.1389 440 0.7857 
    Average a = 0.7790 
 
 
Table 14. Experimental X-ray diffraction data of γ-alumina (50 nm) 




d (nm) hkl a (nm) 
1 37.60 37.83 0.2375 311 0.7876 
2 39.49 39.78 0.2263 222 0.7839 
3 45.37 46.01 0.1970 400 0.7880 
4 67.03 67.21 0.1391 440 0.7868 














Table 15. Experimental X-ray diffraction data of α-alumina  




d (nm) hkl a (nm) c (nm) 
1 35.13 35.49 0.3479 104 - - 
2 37.78 38.10 0.2552 110 0.4713 1.2866 
3 43.36 43.65 0.2379 113 - - 
4 46.18 46.47 0.2085 202 - - 
5 52.55 52.81 0.1964 024 - - 
6 57.51 57.79 0.1740 116 - - 
7 61.16 61.23 0.1601 122 - - 
8 61.34 61.51 0.1514 018 - - 
9 66.54 66.79 0.1510 214 - - 
10 68.19 68.45 0.1404 300 0.4736 1.2929 
11 70.35 70.61 0.1374 125 - - 
12 74.26 74.50 0.1337 208 - - 
13 77.22 77.40 0.1276 1010 - - 
14 80.69 80.95 0.1235 220 0.4738 1.2933 
15 84.37 84.51 0.1189 223 - - 
16 86.37 86.59 0.1160 312 - - 
17 89.02 89.19 0.1147 0210 - - 
       
    Average  a = 0.4729    c = 1.2909 




Table 16. Comparison of standard and experimental lattice parameters 
Standard Experimental Powder 
a (nm) c (nm) a (nm) c (nm) 
Al 0.4049 - 0.404 - 
Al2O3 (50 nm) 0.790 - 0.7865 - 
Al2O3 (150 
nm) 
0.790 - 0.7790 - 
Al2O3 (5µm) 0.4758 1.2989 0.4729 1.2909 
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Figure 29(a) shows the XRD patterns of the Al-Al2O3 (50 nm) powder mixture for 
the three volume percentages of the Al2O3 content milled for 20 h. Though all the 
diffraction peaks from the aluminum matrix are observed, all the expected diffraction 
peaks of γ-Al2O3 are not clearly observed. Only (the high intensity) 440 peak γ-Al2O3 of 
appearing at 2θ = 67.33 o is noted. In comparison to the diffraction peaks from aluminum, 
this peak has a low intensity in the diffraction pattern from the Al-Al2O3 powder mix. 
This is attributed to the fine size of the powder. The fine particle size leads to broadening 
of the peaks and consequently the height of the peak is smaller. That these could be the 
reasons for the “non-appearance” of the Al2O3 peaks is clear when one observes the XRD 
patterns in Figure 29(b) taken from the Al-Al2O3 powder containing 50 vol. % Al2O3 (150 
nm). In this pattern, more peaks from the γ-Al2O3 phase could be detected. It can also be 
observed that the γ-Al2O3 phase did not transform even after 20 h of milling. Polymorphic 
transformations from one phase to the other in the solid state in ball-milled powders can 
occur due to one or more of the following three factors: [81] 
(1) Grain size refinement, 
(2) High temperatures generated during milling, and 
(3) High pressures generated during milling. 
Since HEM temperature (200°C) is not sufficient to induce any phase 
transformation (>750 °C is required for the transformation γ-Al2O3 to other metalstable 
phases), γ-Al2O3 did not undergo any transformation even though grain refinement had 
taken place as a result of HEM. Thus the X-ray diffraction patterns obtained are in 
agreement with earlier results [81]. Figure 29(c) shows the XRD patterns from the Al-
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Al2O3 (5 µm) powder milled for 20 h. In this Figure, the peaks due to α-Al2O3 are clearly 
seen due to the large particle size. From the peak positions, and intensities, the Al2O3 
phase has been identified to be α-Al2O3. Thus crystallographic observations indicate that 
the reinforcements did not undergo subsequent phase change after 20 h of milling. 
 






































   








































Figure 29. X-ray diffraction patterns of the Al-Al2O3 powder mixtures milled with (a) 20, 
30, and 50 vol. % Al2O3 (50 nm), (b) 20, 30, and 50 vol. % Al2O3 (150 nm), and  










4.5 Consolidation of the Milled Powders 
The objective of consolidating the milled powders is to obtain full density bulk 
samples for mechanical characterization. In order to mechanically characterize these 
samples, near full density is required only when the properties obtained can be 
comparable to standard properties.  
4.5.1 Magnetic Pulse Compaction  
The Al-30 vol. % Al2O3 powders (50 nm, 150 nm, and 5 µm) milled for 20 h were 
consolidated by magnetic pulse compaction technique at three different voltages (10, 12, 
and 13.8 kV). Eight different samples were obtained as listed in Table 17. The relative 
densities of the powder compacts obtained at different operating (voltage) conditions 
were calculated to check if full density was obtained in these samples. The densities of 
the compacted samples in the form of rings were calculated from their macroscopic 
dimensions, while the Archimedes principle was used for calculating the densities of 
irregularly shaped broken sample pieces. The expected density of the compact was 
calculated using the rule of mixtures and by taking the densities of Al as 2.69, γ-Al2O3 
(50 nm, and 150 nm) as 3.65, and α-Al2O3 (5µm) as 3.96 g/cm3, respectively. The relative 
densities were calculated as a percentage of the expected density of the compact. The 





Table 17. Densities of the Al-30 vol. % Al2O3 powder compacts achieved by magnetic 
pulse compaction 
 
Figure 30 shows the optical micrographs of the Al-30% Al2O3 (50 nm) 
composites obtained by magnetic pulse compaction at the three different voltages 
employed (10, 12, and 13.8 kV). Even though the powders showed uniform distribution 
of the Al2O3 particles before compaction, the distribution appears to be slightly different 
after consolidation. For example, it may be noted that severe agglomeration of particles 
has occurred at 10 kV [Figure 30(a)] and some agglomeration at 13.8 kV [Figure 30(c)]. 
But, the distribution at 12 kV [Figure 30(b)] seems to be fairly uniform. Optical 
microscopy characterization of the other consolidated samples exhibited a similar 
behavior. Therefore, by controlling the operating voltage, it should be possible to retain 
the uniform distribution of the reinforcement phase.  






1 50 nm 10 88.67 
2 50 nm 12 94.5 
3 50 nm    13.8 94.64 
4 150 nm 10 81.35 
5 150 nm 12 84.47 
6 150 nm    13.8 83.13 
7 5 µm 10 84.87 
8 5 µm    13.8 90.02 
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Figure 30. Optical Micrographs of Al-30 % Al2O3 (50 nm) MPC samples consolidated at 
(a) 10 kV, (b) 12 kV, and (c) 13.8 kV 
 
Scanning electron microscopy (Figure 31) was also carried out which confirmed 
the presence of localized porosity in these samples. The presence of porosity confirms the 
low density values obtained from density measurements. Since the densities obtained for 
these composites by this consolidation technique are not satisfactory (the highest relative 




30% 50 nm 
30% -50 nm 
30% -50 nm 
(a) 
(c) 
10 kV 12 kV 
13.8 kV
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Figure 31. SEM Al-30 % Al2O3 (150 nm) MPC samples consolidated at (a) 10 kV, 
 (b) 12 kV, and (c) 13.8 kV 
 
4.5.2 Hot-Isostatic Pressing  
One of the Al-30 vol. % Al2O3 (50 nm) samples was consolidated using the HIP 
parameters of 600 oC, 30,000 psi, and 3 h. The relative density of the consolidated sample 
was measured by Archimedes principle to be only 88%.  It can be observed from the 
optical [Figure 32(a)] and SEM micrographs [Figure 32(b)] of the consolidated samples 
that the powders got certainly deformed during the HIP process. From the shape of the 
powders, it appears that the powder is still in the deformed condition, suggesting that the 
(c) 13.8 kV
(a) 10 kV (b) 12 kV 
Porosity
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temperature used was not high enough for full densification. Some porosity could also be 
observed in the micrographs. Since this sample also had a low density value (88%) it was 
not suitable for mechanical characterization. 
 
 
    
 
Figure 32. (a) Optical micrograph (b) Scanning electron micrograph of the HIP 
consolidated Al-30 vol. % Al2O3 (50 nm) powder milled for 20 h. Note the deformed 
appearance of the powder particles and also porosity in the sample. 
 
4.5.3 Vacuum Hot Pressing + Hot-Isostatic Pressing 
 VHP was carried out on Al-5 and 10 vol. % Al2O3 powders with the Al2O3 sizes 
of 50, 150 nm, and also on pure Al powder at 640 oC and 50 MPa pressure for 2 h. The 
density of the consolidated samples was measured from macroscopic dimensions and 
compared with the expected density of the compact calculated using the rule of mixtures 
by taking the densities of Al as 2.69 and γ-Al2O3 (50 nm and 150 nm) as 3.65 g/cm3, 
respectively. Since density of samples in the as VHP condition was not near full density 





(Figure 33) to see if any increase in density could not be obtained. It was noted that the 
density of all the samples increased with subsequent HIP and reached near full density as 
indicated in Table 18.  
   
Figure 33. Photographs of the samples consolidated using the combination of VHP+HIP 
(a) Small pieces (15 mm diameter by 15 mm height) and (b) Large pieces (29 mm 
diameter by 11 mm height) (extreme right,) with samples cut for compression testing on 
the left. 
 
Table 18. Relative densities of the samples in the as vacuum hot pressed (VHP) and 
subsequently hot-isostatically pressed (HIP) conditions for the Al-5 and 10 vol. % Al2O3 
powder compacts 
 
Sample Al2O3 Particle 
size (nm) 








Al-5 vol.% Al2O3 50 98.61 99.67 
Al-5 vol.% Al2O3 50 (LP) 98.5 99.38 
Al-5 vol.% Al2O3 150 98.74 99.84 
Al-5 vol.% Al2O3 150 (LP) 99.00 99.53 
Al-10 vol.% Al2O3 50 97.87 99.10 
Al-10 vol.% Al2O3 50 (LP) 97.00 98.15 
Al-10 vol.% Al2O3 150 98.22 98.82 
Al-10 vol.% Al2O3 150 (LP) 99.00 99.43 
Pure Al ------ 97.60 98.18 




4.5.3.1 Microstructural Characterization  
The VHP and VHP + HIP samples were subjected to microstructural 
characterization to check for any porosity via optical and SEM techniques. It may be 
observed from the optical micrograph of Al-5 vol. % Al2O3 with 50 nm (LP)  
[Figure 34(a)] that the as-VHP sample showed some porosity. But when the same sample 
subjected to VHP was subsequently HIPed [right side of Figure 34(a)] no porosity was 
seen in the consolidated sample. This could be due to the fact that during HIPing, the 
high pressures applied in all directions of the sample at temperatures close to the melting 
point of Al could have removed the localized pores that were present in the sample. This 
is in agreement with the density increase observed from macroscopic observations when 
the VHP sample was subsequently HIPed. It may also be observed from the optical 
micrographs of the VHP+HIP samples that matrix appears smeared in some areas which 
might be due to polishing. Microscopic observations [Figure 34(b), (c), and (d)] of other 




   
 
5%-50 nm 5%-50 nm
(a) VHP VHP+HIP
Porosity Smeared matrix 
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Figure 34. Optical micrographs of (a) Al-5 vol. % Al2O3 (50 nm), (b) Al-10 vol. % Al2O3 
(50 nm), (c) Al-5 vol. % Al2O3 (150 nm), and (d) Al-10 vol. % Al2O3 (150 nm) 
[Micrographs on the left indicate only as-VHP samples while those on the right are  
VHP + HIP] 














In order to confirm the results of the optical micrographs, SEM was carried out on 
the Al-5 and 10 vol. % Al2O3 (50 and 150 nm) VHP + HIP samples. It is seen from 
Figure 35 that no porosity could be observed and also the smeared matrix could be 
observed. Thus SEM micrographs confirmed that the samples were fully dense. 
   
 
   
Figure 35. SEM of (a) Al-5 vol. % Al2O3 (50 nm), (b) Al-10 vol. % Al2O3 (50 nm),  
(c) Al-5 vol. % Al2O3 (150 nm), and (d) Al-10 vol. % Al2O3 (150 nm) 
 
 
Thus optical and SEM micrographs confirmed that the samples had no porosity in 
agreement with the density measurements. Since these samples were near full density 






4.5.3.2 X-Ray Diffraction 
X-ray diffraction carried out on the VHP+HIP samples revealed that no phase 
transformation had occurred as a result of consolidation. Figure 36 shows the XRD 
patterns of the consolidated samples. It is noted that only the (440) peak of γ-Al2O3 is 
observed. The low volume fraction results in lower intensities and the fine particle size 
leads to broadening of the peaks and consequently the height of the peak is smaller.  
 







































4.6 Mechanical Characterization 
 
The Al-5 and 10 vol. % Al2O3 (50 and 150 nm) specimens consolidated to near-
full density by the VHP + HIP combination were chosen for mechanical characterization 
by uniaxial compression testing and nanoindentation. 
 
4.6.1 Compression Testing 
 
VHP + HIP - Al-5 and 10 vol. % Al2O3 (50 and 150 nm) samples were subjected 
to uniaxial compression testing and stress-strain plots were obtained. Figure 37 shows the 
stress-strain plot of Al-5 vol. % Al2O3 (50 nm). The slope of the linear portion of the 
curve is the elastic modulus of the composite material (E = 78 GPa). The maximum stress 
on the stress-strain curve is termed as the compressive strength (CS) of the material  
(CS = 605 MPa). The point of yielding is determined by drawing a line parallel to the 
initial linear region of the curve at a strain offset of 0.2 %. The stress corresponding to 
the intersection of this line and the stress-strain curve as it transitions into the plastic 
region is defined as the yield strength (σy = 491 MPa). Figures 38 to 40 show the stress-
strain plots for the different volume fractions and particles sizes of Al2O3 obtained from 
compression testing. De-bonding of the strain gauge could have taken place at the 
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Figure 40. Stress-strain plot for the consolidated Al-10 vol. % Al2O3 (150 nm) 
 80



















1 5 %- 50 nm 491  608 0.21 78 
2 10 %- 50 nm 515  628 0.17 90 
3 5 %- 150 nm 409  544 0.16 75 
4 10 %- 150 nm 461  600 0.14 77 
 
The strain hardening values were found from the logarithmic plot of stress and 
strain in the plastic region. The slope of the linear portion of the logarithmic plot gives 
the strain hardening values listed in Table 19. It could be observed that the strain 
hardening exponent decreases with increasing volume fraction and increasing particle 
size which is in agreement with the expected trend. From Table 19 it is seen that with 
increasing volume fraction and decreasing particle size the strength values are found to 
increase. This is due to the strain in the metallic phase of the composite, which is roughly 
equal to the inverse of the volume fraction of the metallic phase [8]. In case of 
particulate-reinforced metals the incompatibility in deformation between the matrix and 
the hard reinforcements leads to strong strain gradients in the metallic matrix which in 
turn should result in greater density of geometrically necessary dislocations and hence 
higher strength. This means that with increasing volume fraction of reinforcements the 
strain felt in the composite tends to increase with corresponding increase in strength 
values. Also as the size of the ceramic reinforcements gets smaller, the constraint exerted 
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by them on the metallic particles tends to increase. Thus, it can be observed from Figures 
39 and 40, that for Al reinforced with 150 nm Al2O3, the strength is comparatively lower 
in than the case of Al reinforced with 50 nm Al2O3. Thus the increase in the yield 
strength which is a function of both the particle size and volume fraction is due to 
Orowan strengthening caused by the resistance of closely spaced fine particles to the 
passing of dislocations. Since the inter-particle spacing in these composites is less than 
the particle size passing of dislocations can be expected to be further arrested resulting in 
increased strength. However more work needs to be carried out to understand the 
dislocation mechanisms of these composites. Since the inter-particle spacing is in the 
range of 50-100 nm, plastic flow in the metal is confined to channels around the ceramic 
particles. Thus it can be inferred that both the volume fraction and size of the 
reinforcement have great influence on the mechanical properties of the composite.  
The theoretical elastic modulus values were calculated from two models:  
(a) rule of mixtures and (b) Hasin and Shtrikman model) [82]. The theoretical elastic 
modulus of the composite found from the rule of mixtures- iso-stress condition (lower 


















1                                                                                        (8) 
  
while the iso-strain (upper bound) is given by the equation  
Ec= EmVm+ErVr                                                                                                                                                                 (9) 
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where Em = 70 GPa, and Er = 325 GPa. E, and V denote the elastic modulus, and volume 
fraction, respectively, and the subscripts c, m, and r represent the composite, matrix, and 
reinforcement phases, respectively.  
The elastic modulus of the composite based on Hasin and Shtrikman model [82] 
with lower and upper bounds was used as the second theoretical model due to the 
minimal errors accounting from the various modulus values. The elastic modulus by 














































   
 
where Eeff, Keff, and Geff are the effective elastic, bulk, and shear modulus, respectively 
while,  
V= Volume fraction, and  
α and β are the two phases. 
The theoretical elastic modulus values were compared with the experimental 






Table 20. Comparison of experimental elastic modulus obtained from compression 
testing with theoretical values 
 
 
Thus when our experimental elastic modulus values are plotted against volume 
fraction (Figure 41), the experimental values obtained in this research are in close 
agreement with expected values based on the Hasin and Shtrikman model. The elastic 






Theoretical Elastic modulus (GPa) 
 




























1 5 %-50 nm 78 82.75 72.85 77.68 74.39 
2 10 %-50 nm 90 95.5 75.95 85.14 79.02 
3 5 %-150 nm 75 82.75 72.85 77.68 74.39 
4 10 %-150 nm 77 95.5 72.85 85.14 79.02 
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Figure 41. Comparison of experimental elastic modulus values with the rule of mixtures 
model and Hasin and Shtrikman model [82] 
 
It is observed that the strength values obtained in this investigation are high when 
compared with the strength values available in the literature (Table 21) for Al-Al2O3  
composites. In case of nanometric reinforcements Kang and Chan [71] obtained 
maximum yield strength of less than 200 MPa in case of Al-7 vol. % Al2O3 (25 nm).  
In case of micrometric reinforcements, Kouzeli et al. [11, 72, 73, 83] obtained a 
maximum yield strength of 356 MPa for 34 vol. % Al2O3 (0.3µm). Thus, high strength 
values are obtained in this investigation. 
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Table 21. Yield strength of various Al-Al2O3 composites available in the literature 
 
      T= Tension and C= compression testing. 
S.no Composition Yield strength (MPa) Testing References 
1 Al-0-7% Al2O3 (25 nm) <200 T [71] 
2 Al-34-60% Al2O3  (0.3-50 µm) 356 C [11,72,73,83 ] 
3 AL 6061-22% Al2O3 (13.6 µm) 346 T [84] 
4 AL 6061-30% Al2O3  (10 µm) 204 T [85] 
5 AL 6061-20% Al2O3  (60 µm) 480 T [86] 
6 Al–14.7% Al2O3 5.3% TiB2  (0.096–1.88 µm). 
232 T [87] 
7 Al-25% Al2O3 (0.28 µm) 110 T [88] 
8 Al 2014-20% Al2O3/T4 343 T [89] 
9 Al 2014-20% Al2O3/T6 495 T [89] 
10 Al 6061-20% Al2O3/T4 104 T [89] 
11 Al 6061-20% Al2O3/T6 257 T [89] 
12 Al-20% Al2O3 (23 µm) 352 T [90] 
13 Al 6061- 10 % Al2O3  (10 µm) 125 T [91] 
14 Al-8.7 TiB2-11.3 % Al2O3 (1.2 µm) 
545 T [92] 
15 Al-5.3TiB2 -13.1% Al2O3 (1.2 µm) 
210 T [92] 
16 Al 6061- 10 % Al2O3   (0.3 µm) 198 T [93] 
17 Al 6061-10 % Al2O3   (22 µm) 290 T [94] 
18 Al 7005-10 % Al2O3    (22 µm) 275 T [94] 
19 Al 6061-20 % Al2O3   (20 µm) 326 T [95] 




Nanoindentation was carried out on VHP + HIP samples of Al-5 and 10 % Al2O3 
(50 and 150 nm). The relationship between machine displacement (hmachine) and load (Pob) 
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Figure 43. 1.5 fit to the elastic region of the loading portion of the P-h curve for 
 Vitreloy1TM 
 
The relationship between machine displacement and load obtained from the steel 
specimen was verified by indenting a standard Vitreloy1TM sample with a known elastic 
modulus of E = 96 GPa which yielded an experimental elastic modulus of 88 GPa  
(Figure 43). Since the experimental elastic modulus value is in close agreement with the 
expected value, the machine displacement values obtained from this indentation were 






























Figure 44. 1.5 fit to the elastic region of the loading portion of the P-h curve for  
Al-5 vol. % Al2O3 (50 nm) 
 
Figure 44 shows the P-h response for Al-5 vol. % Al2O3 (50 nm). For each sample 
30 indentations with 10 µm spacing between indentations were made. The average curves 
were used in the subsequent analysis and the elastic modulus values were obtained after 
curve fitting them based on Eq. 5. An experimental scatter of less than 5% was observed 
in case of Al-5 vol. % Al2O3 (50 nm). An elastic modulus of 55 GPa was obtained from 






























Figure 45. 1.5 fit to the elastic region of the loading portion of the P-h curve for  
Al-10 vol. % Al2O3 (50) nm 
 
Figure 45 shows the P-h response for Al-10 vol. % Al2O3 (50) nm. An elastic 





























Figure 46. 1.5 fit to the elastic region of the loading portion of the P-h curve for  






































E = 54 ± 4.43 GPa 
 
 
                                                      
Figure 47. 1.5 fit to the elastic region of the loading portion of the P-h curve for  
Al-10 vol. % Al2O3 (150 nm) 
 
 
Figures 46 and 47 show the P-h responses for Al-5% and 10 vol. % Al2O3  





























Table 22. Comparison of the experimental elastic modulus values obtained from 
nanoindentation with compression testing and the theoretical values 
 
 When compared with the expected elastic modulus values based on both the 
rule of mixtures model and the Hasin and Shtrikman model (Table 22), the 
nanoindentation elastic modulus values are significantly lower. In general porosity at the 
microlevel or residual stresses or agglomeration of the reinforcement phase could be the 
possible reasons for such low elastic modulus values. But as the samples are near full 
density, porosity could be ruled out as a possible reason. Though the distribution of 
reinforcements is quite uniform, it is possible that some localized agglomeration in 
certain areas could have occurred. This could also be one of the possible reasons for low 
values. Residual stresses due to localized yielding could also be a probable reason for 
such low elastic modulus values and further study needs to be carried out to confirm 
 









































1 5 %-50 nm 55 ± 4.58 78 82.75 72.85 77.68 74.39 
2 10 %-50 nm 44 ± 3.51 90 95.5 75.95 85.14 79.02 
3 5 %-150 nm 36 ± 3.08 75 82.75 72.85 77.68 74.39 
4 10 %-150 nm 54 ± 4.43 77 95.5 72.85 85.14 79.02 
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these results. Neutron diffraction studies can be used to understand the residual stresses 
associated with these composites.  
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CHAPTER 5: CONCLUSIONS AND SUGGESTIONS FOR FUTURE 
WORK 
 
 A uniform distribution of the Al2O3 reinforcement phase in the Al matrix was 
obtained by high-energy milling of the Al-Al2O3 blends for 20 h. Three different Al2O3  
powder particle sizes, viz., 50 nm, 150 nm, and 5 µm were employed and their volume 
fractions varied from 5 to 50%. Characterization of the high-energy milled powders by 
SEM and X-ray mapping confirmed the uniform distribution of the reinforcement phase. 
Also, after 20 h of milling no phase transformation of the metastable γ-Al2O3 phase was 
observed which was confirmed by X-ray diffraction. EDS also confirmed that the milled 
powders were free from any contamination. 
 Consolidation of these high-energy milled powders was carried out by three 
techniques: Magnetic pulse compaction (MPC), hot-isostatic pressing (HIP), and a 
combination of vaccum hot pressing (VHP) and HIP. However, successful consolidation 
to near full density of samples was achieved by a combination of VHP+HIP. 
 Mechanical characterization of the near full density samples was carried out by 
compression testing and instrumented nanoindentation. While compression testing 
resulted in elastic modulus values in agreement with those predicted from the rule of 
mixtures and  Hasin and Shtrikman model, the elastic modulus values of nanoindentation 
method were quite low. Localized yielding in the material due to residual stresses was 
suggested as a possible reason for the deviation in the elastic modulus values.  
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 In order to understand the residual stresses associated with these composites 
neutron scattering studies are being planned on these compacts at the Los Alamos 
National Laboratory, Los Alamos, NM, These studies will also provide insight into load 
partitioning in these novel materials as strain information will be obtained in both the 
matrix and reinforcement phases. The unique microstructural configuration of these 
nanocomposites also opens new horizon for the study of the dislocation pinning and 
mobility.  
 In order to obtain fully dense samples for successful mechanical characterization, 
optimization of consolidation parameters should be carried out along with the exploration 
for new cost effective consolidation techniques. Other properties such as wear and 
corrosion resistance can also be analyzed which will give better understanding of the 
properties of these composites as a whole. Reinforcements such as SiC with similar 
volume fraction can be added and the properties of these composites can be compared 
with those of Al2O3 reinforcements.  
Thus in the present investigation successful synthesis, consolidation, and 
mechanical characterization of the Al-Al2O3 composites was achieved and the effect of 






DESCRIPTION AND OPERATIONAL PROCEDURE FOR 
COMPRESSION TESTING SET-UP 
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The description of the compression testing set-up and the operational procedure  
carried out using this set-up will be explained in this section. 
 
 Technical specifications for the various products used: 
1. Strain Indicator: 3800 Wide Range Strain Indicator. 
2. Strain gauge:  EA-06. 
3. Bonding agent: AE-10 bond kit. 
4. DAC: USB 6008. 
Softwares used:  
1. Instron IX series. 
2. Measurement and automation 7.5 series (VI Data Logger). 
Load values obtained from the Instron machine were correlated with strain values 
obtained in a 3800 wide range strain indicator. The basic idea behind the use of strain 
indicator and strain gauge is to obtain the exact strain the sample undergoes when 
subjected to compression testing. The sample to be tested is bonded with a strain gauge 
obtained from Vishay Micromeasurements. The bonded sample is given a curing time of 
30 h. The output from the strain gauge is connected to a 3800 Wide Range Strain 
Indicator. The purpose of this strain indicator is to amplify the strain obtained form the 
strain gauges (sensors) bonded to the sample. This strain obtained in the amplifier is 
converted into voltage signals and this is connected by a BNC connector to a Data 
Acquisition Card (DAC). The output of this strain gauge is connected to a strain indicator 
with analog output. This analog output from the strain indicator is then collected in a 
computer via the DAC designed to convert analog values into digital ones using 
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Measurement and automation 7.5 series (VI Data Logger) software. These strain values 
from DAC are then correlated with the load values obtained directly from an Instron 
machine using Instron IX series software and stress-strain plots were obtained. 
 
Description of Strain Indicator 
 
1. POWER ON: This is the power switch for the 3800 Strain Indicator (SI). This is at the 
rear panel of SI. 
2. AMP ZERO: This switch disconnects the amplifier inputs and connects the input 
internally to analog ground. This should be set to 0000 before the start of the process. 
This can be adjusted to 0000 by a knob just to the left of the switch. 
3. SET: This is used to adjust the gauge factor values. The value for the gauge factor can 
be found in the strain gauge data sheet. For e.g. for the EA-06-AQ strain gauge the 
gauge factor is 2.085. The desired gauge factor can be adjusted using the gauge factor 
balance controls (Coarse and fine). 
4. RUN: This button is basically pressed to run the actual process. When the button is 
pressed the instrument is configured to measure the strain. 
5. CAL: By pressing this button internal dummy gauge if any gets connected. Since the 
strain gauge itself is a 350-Ω strain gauge there is no need for a dummy gauge. 
6. BR EXCIT OFF: By pressing this switch the excitation voltage is removed from the 
terminals. This is basically used for complex input configurations as in the case of 
thermal voltages. 
7. BRIDGE SWITCH: When this switch is pressed full bridge connection is obtained. 
Since quarter bridge connection is used this switch is left in, as it is condition (not 
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pressed). 
8. BALANCE RANGE:  The percentage values of 10% and 20 % etc. refer to the percent 
of full scale reading at a gage factor setting of 2.000.This basically eliminates bridge 
loading errors. 10% value has been used and is advisable to start with this value, 
unless stability of the reading becomes a problem when 20 % or higher values can be 
tried. 
9. EXCITATION VOLTAGE: This thumbwheel can be rotated to values, which basically 
forms the input voltage given to the samples. Values ranging from 1-10 can be found 
in the thumb wheel. The important factor is to decide appropriate excitation voltage 
based on the heat sinking capacity of the sample. For eg., in case of Al which has 
good heat sinking capacity a value of 10 can be set on the thumbwheel. Essentially 
the thumbwheel can be rotated for various values till a stable value is obtained on the 
display. The maximum excitation voltage, which is stable, forms the excitation 
voltage that can be provided to the sample.  
10. BALANCE WHEELS: The Fine balance is a ten-turn potentiometer while the coarse 
balance is four positive and four negative switches. RUN and CAL values can be 
adjusted using this switch mostly the fine balance 
11. REAR PANEL OUTPUT KNOB: This is a ten-turn potentiometer knob adjusted to get 
the desired analog output. 
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Operational Procedure for Compression Testing Set-up 
 
1. Bond the strain gauge to the sample. Generally, 6 h curing time yields an elongation 
of 6% while 24-48 h curing yields an elongation of 10%. 
2. Solder the LE wires from strain gauge to the solder terminal. Solder the red, black, 
and white wires also to the solder terminal with both the white and black wires in the 
same terminal. 
4. Connect the red, black, and white wires to Strain Indicator (SI) as indicated: 
                 RED-RED button, 
                 White-White button, and  
                 Black-Yellow 350 Ω (since the strain gauge is a 350 Ω capacity gauge). 
5. Press the AMP zero-It should read ± 0000. If not adjust the fine balance wheel near 
the AMP zero and let the system stabilize for few minutes till it reads ± 0000. 
6. Check the bridge connection. It should be quarter bridge condition. Set the excitation 
voltage using the thumbwheel. Materials with good heat sinking capacity can have 
values ranging from 5-10. 
7. Press SET and adjust the gauge factor value according to data sheet value (For e.g. 
for AE -Gauge factor = 2.085). Use the gauge factor coarse and fine balance switch to 
get this desired value. Lock the gauge factor. 
8. Check the AMP zero again, if it reads ± 0000 don’t make any adjustment; else adjust 
using the amp zero knob till u get ± 0000. 
9. Press RUN. Now the instrument is configured.  
10. Press the 10% balance button. Adjust the coarse and fine balance knobs so that the 
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display reads ± 0000. (Try to set the coarse value to ±0 initially, if its not feasible try 
to go to the next value near to ±0).  
11. In order to relate voltage and strain the following steps should be carried out. Press 
the CAL button and it should read the values based on the gauge factor of the 
installed strain gauge. For e.g., for gauge factor of 2.085 it should read  
                    5000µε x   2.00   ± 0.05% = 4796µε 
    2.85(GF) 
 
Adjust the output knob at the rear end of the panel to a desired value that can be co-
related with 4796µε. the output values (4.79V) can be checked with a multimeter. For 
e.g. for 4796µε the output can be adjusted to 4.79V (for easier calculation purposes 
this value was chosen)  
                                 4796 µε = 0.001 ε     
                                 4.79   V              V 
 
12. Now press the RUN button it should read ± 0000 or if the sample is in preloaded 
condition it should some negative value close to 0000. This confirms that the strain 
indicator is working properly. Sometimes we might get positive values (non loaded 
condition) close to zero, which is also acceptable. 
13. Connect the output from the SI i.e. the BNC connector to DAC card. Connect the 
positive inner terminal of BNC to AIO and ground to AI4. 
14. Open the Instron software and establish settings in the Instron software for 
compression test. The following settings can be followed: 
a) Methods/New/Create new label number and method label. 
b) Main/Global parameters: 
Change to SI units, 
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Enable Results File, 
Enable ASCII test data file/ok. 
c) Specimen: 
Enter specimen dimensions and type. 
d) Test/Control: 
Control-down. 
Control channel –position. 
Enter desired crosshead speed- (0.2 mm/sec is pretty average speed). This value again 
depends on user requirements. 
Load cell - 0.0000. 
Speed change- No change. 
e) Test /Limits: 
Enter high load and high extension level. eg at 20 kN the process will stop. Rest the 
settings need not be changed. 
f) Data/Logging: 
Enter sampling rate- say 10.00 (10 data points in 1 sec). 
Enable data compression. 
Start test with click computer. 
g) Graph/Set-up: 
Make necessary changes to the left and right columns if desired with rough max 
values you expect on X and Y axis else click auto scale for automatic scaling. 
h) File /save/home screen. 
i) Test/Enter Filename.mrd /choose your method type which was previously save (by 
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default your method label will be selected). 
Enter filename.txt. 
j) Start test /verify sample dimension/ok -the test is about to be started icon will pop 
up. This icon needs to be clicked only after DAC software is activated so let the icon 
remain and proceed to change settings in DAC software. 
15. Open the VI logger software from National instruments (programs/national 
instruments/VI logger /VI logger in MAX). 
16. In the configuration window there should be an icon, which says, create new; 
        create a new task using Ni DAC max. 
17. A new task window will open. Desired file name can be given. Under data export 
settings click view in excel when stops. This will enable to view the file in excel 
when the process is stopped. Choose your location for saving data .Click edit task and 
make the following configurational changes: 
a) Input range – max-10 V (Max value of DAC card),   
            min-0 V (or any desired value). 
b) Terminal configuration: Differential. 
c) Scaling (no scaling). 
d) Task timing-Continuous (N samples will read only given N data points). 
e) Clock settings: Samples to read -0 and rate - 10 Hz (sampling rate 10 samples 
/sec or rate set in Instron software sampling rate). 
f) Click ok now and the task should be saved 
g) At the bottom of the main menu there should an icon REAL TIME DATA. 
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Click the icon. You should now see a graphic window, which will display your data 
points obtained. To test run you can click the RUN and when you desire you can stop 
the process by pressing STOP. Now you should see data points in the form of voltage 
as a function of time in an excel file. You can also verify the output with multimeter.  
18. Check if the sample is properly placed in the compression-testing machine. Use the 
up/down push button to move the platens in the Instron machine. 
19. The set up is configured. In order for the process to be started first click the RUN 
button in DAC software. After a brief second you should see the stop button popping 
up, at the same instance simultaneously click the TEST the sample icon which is 
already open in the Instron software. Now you could observe decrease in strain values 
in SI along with graphic representation of Voltage values in DAC software. 
20. Once you desire to stop the process simultaneously use STOP button in DAC 
software and Instron software- STOP Sample/ end sample / enter comments -
continue/report to File /ok. The data will be saved in C:/Instron/ S9/output. 
21. The obtained Load values from Instron can then be imported into the excel file with 




1) If the SI reads flashing 0000 then check wire connections in the S+, S- terminals or 
the strain gauge is not properly bonded or the LE wire from strain gauge must be 
touching each other. 
2) If the DAC software usb in not recognized go to configuration window and open 
devices and interfaces and click usb and right click when you get self test it should be 
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recognized and use test panel when it should read the proper output voltage values. 
3) Any abnormal variation in stress strain graph means the strain gauge has not been 
properly bonded. 
4) Before pressing run to start the actual process press cal and check if the fixed value 
(e.g. 4796 is maintained if this value shoots up or is not maintained there is grounding 
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